Study design: Experimental animal study. Objectives: Quantitative analysis of secondary changes in lesion size after experimental spinal cord injury (SCI) in the rat, with special emphasis to the formation of dorsal column lesions. Setting: Slovakia. Methods: After SCI in the rat, animals survived for different periods ranging from 5 min to 7 days. Their whole spinal cords were cut transversally into 1 mm thick slabs. On each slab, the lesion profile was outlined. The overall shape of the lesion was reconstructed from a series of consecutive profiles and its length was measured. Results: Immediately after injury, a spindle-shaped hemorrhagic contusive lesion was observed, with the length of~15 mm. After a quiescent phase lasting for at least 1 h, there was a dramatic secondary enlargement of the lesion and its length increased up to 40 mm between 1 and 48 h. The fully developed lesion consisted of the spindle-shaped epicenter and long cranial and caudal protrusions located in the midline between dorsal columns. Conclusion: We propose that secondary enlargement of the lesion can be explained by posttraumatic swelling. The expanding tissues are pushed out in longitudinal axis along the mechanically weakest parts of the spinal cord. Additional data that support this hypothesis are presented. Our findings indicate that malignant posttraumatic edema might have an important role in pathomechanisms of secondary injury after SCI.
INTRODUCTION
In our previous experiments with the rat SCI model, 1 we have evaluated recovery of neurological functions during long-term survival periods (4-6 weeks). [1] [2] [3] [4] [5] After survival, the lesion site was histologically analyzed in order to quantitate the amount of spared tissue at the epicenter of the lesion. At the contusion site, we have observed typical spindle-shaped central cavity. At more distant segments, there were small dorsal column lesions (DCLs), occurring both cranially and caudally from the epicenter. After more detailed examination, we have found that DCLs occur surprisingly far from the site of injury. It was obvious that such a distant pathology cannot be caused directly by tissue contusion. Therefore, we have decided to study the development of DCLs at different posttraumatic periods in order to bring more details about their formation. In addition, we have measured the craniocaudal size of the lesion and documented the time course of lesion enlargement.
It has been recognized that, after contusive SCI, the injured tissues undergo a unique process in which the site of injury is gradually transformed into a large, cavity-filled lesion. Immediately after injury, overt pathology is limited to central areas of the spinal cord where shearing and stretching cause direct tissue disruption, bleeding and ischemia. Within several hours, petechial hemorrhages emerge in the more distant areas, eventually coalescing into the characteristic lesion of hemorrhagic necrosis. 6 As the lesion develops, injury involves the white matter as well. [7] [8] [9] This slow evolution of the lesion has been referred to as progressive hemorrhagic necrosis [10] [11] [12] [13] or 'autodestruction'. 14 Progressive hemorrhagic necrosis results in secondary loss of vital spinal cord tissue and, in some species including humans, leads to formation of cystic cavity surrounded by glial scar tissue.
The processes involved in secondary injury have been extensively studied, as they represent a promising therapeutic target after SCI. However, we are not aware of a quantitative morphometric study that would clearly define the time course of the lesion enlargement. This is probably caused by technical difficulties associated with poor fixation and subsequent histological processing of the injured tissue. The rat spinal cord is approximately 11 cm long, and systematic cutting of such a big specimen is a challenging task. It must be divided into smaller pieces to make it suitable for cutting on standard cutting devices for histology. However, the lesioned tissue is not self-supporting, and the pieces of spinal cord would bend and distort during dehydration and paraffin infiltration. Therefore, with standard tissue-processing techniques, serial transversal cutting of a 11 cm long specimen is virtually impossible. In the present study, aligned spinal cords were embedded into a protein matrix that formed a semirigid block enveloping the whole spinal cord. The mass of protein matrix was firmly attached to the surface of the spinal cord tissue. It has facilitated serial transversal cutting and kept the floating sections of weakened tissue in their natural position. Therefore, protein matrix embedding was a crucial step that enabled systematic analysis and measurement of the whole lesion (several centimeters long) 'in toto'.
MATERIALS AND METHODS

Spinal cord compression injury model
We have used the rat SCI model described in detail previously. 1 Briefly, after induction of anesthesia with 4% halothane in room air, animals were maintained in halothane anesthesia (1.5-2% halothane in room air delivered via face mask) during the operation. Skin on the spine was cut over the L1-T10 spinous processes, the soft tissue was removed and a 2F Fogarty catheter was inserted into the epidural space cranially via a small hole drilled in the vertebral arch of T10. The catheter was advanced for 1 cm, so that the center of the balloon was resting at T8-T9 level of the spinal cord. After stabilization of the body temperature at 37°C, the balloon was rapidly inflated with 12.5 μl of saline for 5 min, which corresponds to intermediate degree of injury (partial recovery of locomotion with permanent neurological deficit). After that, the balloon was deflated and the catheter removed, soft tissues and skin sutured in anatomical layers and the animal was disconnected from anesthesia. All experiments were performed in accordance with European Community legislation and were approved by Ethics Committee at the Institute of Neurobiology and the State Veterinary and Alimentary Administration of the Slovak Republic. We certify that all applicable institutional and governmental Lesion enlargement after injury P Tomko et al regulations concerning the ethical use of animals were followed during the course of this research.
Experimental groups
After SCI, animals were allowed to survive for 5 min, 1 h, 1day, 2, 3, 4, 5 and 7 days (n = 5 in each group). In addition, two animals were subjected to more severe injury (contusion with 20 μl balloon) and allowed to survive for 2 days. At the end of their survival period, all animals were deeply anesthetized with ketamine/xylazine and transcardially perfused with saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer. The perfused tissues were stored at 4°C overnight. The spinal cord was then removed from the bone and postfixed in the same fixative for at least 24 h.
Spinal cord processing
To facilitate systematic analysis, whole spinal cords were embedded in a protein matrix as described by Herzog and Brosamle. 15 Before embedding, the dura mater was carefully removed with the aid of ophtalmic scissors and sharp tweezers under operating microscope. Care was taken to cut (rather than tear off) all the rootlets attached to the dura mater in order to avoid postmortem mechanical damage to the lesioned spinal cord parenchyma. The whole spinal cord was then blotted dry and suspended on two ligatures in a custom-made mold with a dimension 10 × 10 mm. The whole mold was then filled with glutaraldehyde-polymerized protein matrix prepared as follows: stock solution was prepared by dissolving 0.75 g of gelatine (150 bloom, BDH Ltd, Atherstone, UK) and 30 g of sucrose in 50 ml of warm 0.1 M phosphate buffer. Separately, 57 g of chicken egg albumin (BDH Ltd) were dissolved in 100 ml of 0.1 M phosphate buffer. Both these solutions were mixed and filtered through muslin. For embedding, 9 parts of the gelatine-albumin solution were mixed with 1 part of ice-cold 25% glutaraldehyde. After stirring quickly, the solution was poured over the specimen and allowed to polymerise at room temperature. After approximately 10 min, the hardened matrix with the embedded spinal cord was removed from the mold and stored in 4% paraformaldehyde in 0.1 M phosphate buffer. The whole block was placed into a metallic Tissue matrix (TM-1000 10 × 10 mm 2 chamber with 1 mm slices, ASI Instruments, USA). The block was then cut with a microtome blade into 1 mm thick slabs. Individual slabs were collected and stored in the fixative in standard 24-well microplates. Serial macrophotographic pictures were prepared from these slabs on a black glass plate. The lesion size was evaluated directly from the high-resolution macrophotographs.
Some selected slabs were further subjected to histological processing. The whole slabs were flat-embedded in Durcupan and cut into 1 μm thick semithin sections that were stained with toluidine blue.
Evaluation of the lesion size
The longitudinal size of the lesion was determined as the number of sections (that is, millimeters) where the lesion was present. The intergroup differences between consecutive survival times were compared by the unpaired Student's t-test. On the digital image of each slab, the boundaries of hemorrhagic necrosis were delineated manually, and the medio-lateral size of the lesion was measured. These measurements were used to prepare a schematic drawing from each animal and the lesion shape was projected on the spinal cord silhouette. For documentation, the drawings from all animals in one group were digitally superposed.
Intraparenchymal injection of gelatine
In this pilot experiment, we wanted to document the distribution of a fluid injected locally into the central gray matter. Five control animals received intraspinal injection of colored gelatine. The anesthetized animals were fixed in a sterotaxic frame, and a small laminotomy was made in T9 vertebra. A glass micropipette with a bevelled tip (50 μm diameter) was connected to a microsyringe filled with 2% gelatine solution mixed with Indian ink. Under operating microscope, the dura mater was incised with a tip of hypodermic needle (400 μm lateral from the midline), and the micripipette was inserted at 15°angle (1.1 mm deep) into the central part of the gray matter. In order to prevent leaking of the injected fluid, the micropipette was glued to the dura with a droplet of cyanoacrylate glue, and 10 μl of gelatine was injected slowly (within 10 min) into the spinal gray matter. The micropipette was then Lesion enlargement after injury P Tomko et al removed. After injection, the tissues were perfusion-fixed and the spinal cords were processed as described above.
RESULTS
Development of the lesion
After 5 min and 1 h, the picture of the lesion was almost identical. At the epicenter, the whole gray matter area was filled with hemorrhage, and the contused parenchyma was apparently pushed away from the site of compression. The white matter remained mostly preserved. Both cranially and caudally from the epicenter, there were scattered small hemorrhages, distributed mostly in the central and dorsal parts of the spinal cord (Figure 1) . The craniocaudal size of the whole lesion was 15.1 ± 2.2 mm after 5 min and 14.8 ± 1.7 mm after 1 h. After 24 h, the extent of the lesion changed dramatically. The epicenter was edematous and the hemorrhages increased in number and size. A large part of the white matter encircling the epicenter of injury remained relatively well preserved. The most striking change was the development of cranial and caudal protrusions of the lesion. These newly formed lesions were invariably located in the central part of the dorsal white matter. On transversal sections, the DCL looked like a symmetrical round-shaped necrosis occuppying a relatively small cross-sectional area. Closer inspection revealed that the center of this formation contains a mass of poorly defined tissue. This mass oppressed the surounding white matter, causing its mechanical injury and small local bleedings from the ruptured vessels. These DCLs added considerably to the length of the whole injury that was now 28.3 ± 9.8 mm (Figure 2) . After 2 days, the lesion size further increased. The epicenter was edematous and disintegrated. In more distant sections, some hemorrhagic areas turned into cavities. During manipulation with the tissue slabs, loose detritic material sometimes came out from the DCL like a toothpaste. The average length of the lesion was 40.2 ± 12.1 mm (Figure 3) . After 3 days, the length of the lesion remained unchanged. In some necrotic areas, hemorrhagic foci changed their color from red to yellowish and/or turned into cavities. The length of the lesion was 40.0 ± 10.5 mm.
After 4 and 5 days, the necrotic tissues were gradually removed. The edema has receded, and decoloration was more pronounced. In the most severely affected areas, cavities were formed. Obviously, the necrotic tissues were undergoing the processes of liquefaction and resorption.
After 7 days, there was further progress in cavitation and debris removal.
In a plot summarizing the changes in the lesion size within the first 3 days (Figure 4) , it is obvious that the lesion size is expanding dramatically within the first 2 days, when its size reached maximum. After that, only regressive changes were observed, and the necrosis underwent a process of clearance and formation of demarcated cavities. The pattern of the expanding lesion is illustrated on superimposed drawings ( Figure 5 ).
Severe injury experiment
After severe injury (20 μl balloon volume and 2 days survival), the pattern of the lesion was identical, but the overall volume of the hemorrhagic necrosis was apparently larger. The cranial and caudal protrusions extended to the cervical and lumbar intumescences, respectively ( Figure 6 ). At their endings, the DCLs formed a bulb-like enlargement. The cross-sectional area of the DCL occuppied the whole perimeter of the dorsal funiculi, touching the dorsal surface of the spinal cord. Consequently, the DCLs were clearly visible from Lesion enlargement after injury P Tomko et al the dorsal aspect after removal of the dura mater, providing a good overall picture of the fully developed lesion (Figure 7 ).
Histological observations
In semithin sections across the developing DCL (24 h after injury), we have evaluated subcellular details of the lesion. It was obvious that the core contained a mass of tissue inserted between the dorsal funiculi. This mass was composed of poorly identifiable cellular debris mixed with red blood cells. There was prominent vacuolization in the whole DCL (Figure 8 ).
Pattern of gelatine distribution
In all animals, the injected gelatine was distributed longitudinally (Figure 9 ). The fluid has found its way into the space between dorsal columns and here it advanced in cranial and caudal directions from the site of injection. Thus 10 μl of gelatine has formed an elongated structure with the length of approximately 30 mm.
DISCUSSION
The phenomenon of secondary injury has been first postulated in 1911 by Allen when he found that early myelotomy and removal of the posttraumatic hematomyelia resulted in improvement of neurological function in dogs subjected to experimental acute SCI. 16 Secondary Figure 6 Experiment with severe SCI+2 days survival. Consecutive sections (1 mm thick) are aligned in columns (cranial end is left and up). Assembly of 60 sections represents a 6 cm long segment of the spinal cord. The length of the lesion is almost 60 mm. In comparison to moderate SCI, the DCL is bigger, filling up the whole height of the dorsal columns. Scale bar, 3 mm. Figure 7 Spinal cord of an animal with severe SCI+2 days survival before embedding and sectioning. The dura has been removed. After severe injury, both epicenter and protrusions are clearly visible from dorsal aspect.
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P Tomko et al pathology at the site of injury has been qualitatively described in detail, 6, [16] [17] [18] [19] but systematic quantitative studies documenting the details of progressive enlargement of the lesion are missing. The most detailed study known to us has been published by Liu et al. 20 Their schematic drawings of the growing lesion indicate that there is rapid expansion within the first 24 h and that the lesion size further increases but more slowly. Our data show that secondary enlargement of the lesion is not a linear process. Immediately after SCI, there is a quiescent period when the primary lesion remains virtually unchanged for at least 1 h. Its enlargement starts after this delay and the lesion size grows up to 48 h. In our experiments, the secondary enlargement of the central lesion was always associated with the formation of DCLs that could extend as far as to the levels of cervical and lumbar intumescences. Detailed observation revealed that DCLs are longitudinal protrusions growing out of the central lesion and that the process of their formation is characterized by some typical features: (1) DCLs are spreading both cranially and caudally, (2) develop concurrently with secondary enlargement of the epicenter; (3) form symmetrical round-shaped 'tunnels' interconnected with the central necrosis; (4) contain a mass of tissue inserted between distorted but relatively intact dorsal funiculi; and (5) their distant endings form a hemorrhagic bulb-like enlargement.
In the present study, we describe for the first time that DCL is not a necrosis of dorsal funiculi per se, but that it contains a mass of inserted tissue. This important detail could be recognized because we have examined unprocessed spinal cords. Routine histological processing is detrimental for edematous tissues. In histological sections prepared early after injury, this important detail has not been detected, as DCL appeared as a pale-staining region where the cellular details were blurred. In later stages, there was complete loss of cellularity and cavitation. 7, 21 These findings led us to formulate a hypothesis that secondary enlargement of the lesion is driven by increased intramedullary pressure. Owing to posttraumatic edema, the volume of the injured tissue gradually increases. In the spinal cord, lateral swelling is confined by the tough dura mater. The expanding tissue therefore 'herniates' cranially and caudally along the midline between the posterior funiculi. This hypothesis would explain both the timing and pattern of the fully developed lesion. In this way, relatively big volumes of tissue debris can be distributed in longitudinal directions. In experimental studies, this pattern of injury could be easily overlooked, because the swelling is delayed, and the tissue debris is transported far from the contused area. After longer survival periods, the DCLs can collapse and become hardly detectable.
In the literature, there are several observations that indirectly support our hypothesis. The round-shaped DCLs have been described in various SCI experiments, in histopathological studies [7] [8] [9] 21 and in MRI visualizations, 22, 23 indicating that this phenomenon is not restricted to our model. Previously, it has been speculated that DCLs are Wallerian degenerations that somehow turn into necrosis, 21 but to the best of our knowledge, the timing and localization of DCLs do not correspond to Wallerian degeneration. The timing of secondary enlargement corresponds well with water content changes described in comparable models of SCI. After injury, the water content gradually increases, peaks at 24 h and remains elevated at 3-7 days. [24] [25] [26] Longitudinal spreading of the lesion after SCI has been observed in human patients, as well. 27 In a neuropathological study, Ito et al. 28 have described DCLs in the spinal cords of patients who died early after SCI. The character of these lesions was identical to our findings. The DCLs were named 'pencil-shaped necrosis', and the authors proposed for the first time the mechanism driven by increased intramedullary pressure. They argued that the posterior funiculus is the mechanically weakest part of the spinal cord, because similar pattern of syrinx formation has been described in various pathological situations where blood or neoplasms expanded within the spinal cord parenchyma. [29] [30] [31] Our experiment with gelatine injection clearly supports this notion.
Increased intraspinal pressure was mentioned in early reports by Allen, who described that, after median longitudinal incision was made early after traumatic injury in dogs, there was 'great outpouring of blood from the injured area posteriorly through incision'. In the same paper, he mentions a patient with SCI who was operated 4 h after injury, and 'when the cord was incised, the blood spurted out as if under great pressure'. 32 In recent animal studies, optimal time for myelotomy has been determined as 24 h after injury, 33 and in controlled conditions, beneficial effect of myelotomy on edema reduction and functional recovery after SCI has been demonstrated. 34 In this context, it is of interest that the only approved pharmacological treatment for spinal cord injury was application of methylprednisolone, reviewed by Hall and Springer. 35 High doses of methylprednisolone reduced disability when applied within the first 8 h after injury, but the precise mechanisms of protection is not clear. It might act by reducing inflammation, glutamate release and free-radical accumulation. 36 In addition to this, methylprednisolone is known to ameliorate edema associated with brain tumors, 37 and methylprednisolone pretreatment is a standard of care to prevent intraoperative and postoperative brain swelling. It is thus tempting to Figure 8 Durcupan-embedded tissue cut into semithin section and stained with toluidine blue. DCL, 2 days after SCI. The mass of the lesion consists of tissue debris containing a large number of vacuoles. GM, gray matter; WM, white matter; scale bar, 100 μm.
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Recently, hypertonic saline therapy has become a means for reducing intracranial pressure to treat cerebral edema after traumatic brain injury. [38] [39] [40] Hypertonic saline lowers intracranial pressure by establishing an osmotic gradient between the intracellular and intravascular space. Experimental studies indicate that hypertonic saline therapy after SCI can improve behavioral and histopathological outcomes, [41] [42] [43] [44] indicating that posttraumatic edema indeed contributes significantly to secondary injury after SCI.
In conclusion, we have measured the secondary expansion of the lesion after spinal cord trauma. With aid of a new embedding technique, we could perform a systematic morphometric analysis of the whole spinal cord that confirmed a dramatic secondary enlargement of the lesion within the first 48 h after injury. After 48 h, only regressive changes were observed. The specific pattern and timing of the progressive necrosis indicate that the enlargement of the lesion is mainly driven by posttraumatic swelling that transports the tissue debris for long distances along the craniocaudal axis. The DCL is inserted into the newly formed space between dorsal funiculi and seems to cause a relatively small local damage to the dorsal white matter. However, one can envisage that, at the epicenter of injury, delayed swelling can be particularly dangerous to the peripherally located white matter. When the central gray matter expands, it would push the intact white matter against the meninges. This would cause secondary hypoperfusion/ischemia in the white matter that survived the mechanical insult. In this way, posttraumatic edema can cause additional ischemic injury of long axonal projections and contribute DATA ARCHIVING There were no data to deposit.
